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122a Sunday, February 3, 2013low (55 nM) and [InsP3] was rapidly dropped from 10 mM to 0 using perfusion
solution exchanges, the InsP3R channels had a high propensity to transiently
enter a more active state before they became inactivated by the removal of
InsP3. This behavior was more prominent, with the channel Po transiently in-
creasing to ~ 0.6, when [Ca2þ]i was increased to optimal level (2.1 mM) instead
of remaining constant at 55 nM. No transient increase in Po was observed in
similar [InsP3] drops with [Ca
2þ]i kept constant at 2.1 mM. This suggests that
sub-saturating [InsP3] can induce type 1 InsP3R channels to enter the high-Po
mode with higher probability than saturating [InsP3].
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Due to their important role in essential physiological processes such as the
propagation of the nerve signal or regulation of the heartbeat, potassium chan-
nels are common targets for animal toxins. These toxins provide valuable tools
for the study of ion channel function and have potential as lead compounds for
drug development. Most toxins affecting potassium channels act as pore
blockers, thus inhibiting potassium flow. Using a direct pull-down toxin bind-
ing assay with immobilized channel (the bacterial potassium channel KcsA)
and crude Dendroaspis angusticeps venom, we identified a novel toxin binder
of KcsA, which we called Tx7335. Sequencing of the toxin by Edman degra-
dation and mass spectrometry revealed a 63 amino acid residue peptide with
4 disulfide bonds that belongs to the family of the three-finger toxins, but
with a unique modification of its disulfide-bridge scaffold. A functional analy-
sis of Tx7335’s effect on KcsA revealed a dose-dependent increase in both
open probabilities and mean open times, thus leading to an increase in potas-
sium conductance. Functional assays were also performed with a mutant of
KcsA that mimicks the sequence of eukaryotic channels in the outer vestibule
region and can bind the pore blocker charybdotoxin. This mutant showed the
same susceptibility to the toxin, indicating that the binding site for Tx7335 is
distinct from that of pore-blocker toxins. Given the fact that the toxin only
showed an effect when added to the extracellular side of the channel, the bind-
ing site must be far removed from the intracellular pH gate. We therefore pro-
pose that Tx7335 increases potassium flow through KcsA by enhancing
recovery from the inactivated state.
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In order to provide some structural insights about the molecular basis of the in-
activation gating of the hERG channel, we have reasoned that a chimeric ap-
proach in which we recreate the cavity of the hERG chanel in to the KcsA
channel could potentially lends a structural framework to begin understand
the hERG channel inactivation gating. Recently, we have made an important
breakthrough by solving the X-ray structure of the bacterial Kþ channel
KcsA trapped in the open and C-type inactivated state. These results allowed
evaluating the structural changes underlying C-type inactivation gating in Kþ
channels and it could lend a structural explanation to the unusual C-type inac-
tivation process of the hERG channel. We have used the KcsA channel as
a structural scaffold to introduce mutations at positions F103Y, G104A,
L105S, V106I and L110V, making KcsA more hERG-like at positions (in
hERG) Y652, A653, S654, I655 and V659. Additionally, we have solved the
crystal structure of the closed (C) state for this KcsA-Herg chimera and surpris-
ingly the selectivity filter in the closed state is collapsed. We have reasoned that
the modifications introduced at the KcsA central cavity have strengthened theallosteric coupling between the activation gate and the selectivity filter, a sim-
ilar phenomenon could underlies the unusual inactivation gating of the hERG
channel. A comprehensive functional study will be presented in addition to
a more complete structural analysis.
Support: AHA-11SDG5440003 (to LGC).
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Many local anesthetic and anti-arrhythmic drugs block voltage-dependent Naþ
and Kþ channels. In particular, cardiac Kv1.5 and Kv11.1 (hERG) exhibit drug-
and Kþ-dependent membrane stability. Since thermal stability of the KscA Kþ
channel tetramer is Kþ-dependent and all Kþ channels share a structurally con-
served pore domain, we hypothesized that tetramer stability of KcsA may be
sensitive to binding of local anesthetics. Using SDS-PAGE to monitor KcsA
tetramer we found: 1. 20 mM Lidocaine (Lid) and 5 mM tetracaine (Tet) shift
the temperature (T) dependence of tetramer stability to lower T in the presence
of 5 mMKþ. 2. KcsA tetramer in the presence of 5 mMKþ dissociates at 90 C
as a function of [Lid] and [Tet]. 3. KscA tetramer completely dissociates in the
presence of Tet (5 mM) but not Lid (20 mM) within 10 minutes at 22 C in the
absence of Kþ. 4. [Kþ]-dependence of KcsA tetramer stability is shifted to
higher [Kþ] in the presence of Lid and Tet suggesting antagonism between
binding of local anesthetics to a site in the tetramer and Kþ to the selectivity
filter. These results are indicative of a negatively coupled interaction between
local anesthetic drugs and Kþ that perturbs the tetrameric quaternary structure
of Kþ channels. To investigate whether Lid and Tet could physically bind
within the inner cavity of KcsA we carried out Monte Carlo-minimization
docking of Lid and Tet to open, inactivated, and closed KcsA crystal structures.
The results suggest that Lid and Tet binding within the inner cavity of KcsA
involves electrostatic repulsion with Kþ and non-bonded attraction to residues
of the selectivity filter (Thr74, Thr75) and inner pore helix (Ile100, Phe103).
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Kþ channels can undergo inactivation, a process in which Kþ conduction de-
cays over time, contributing to tuning of electrical excitabilty in nerve and mus-
cle. Although Kþ inactivation is associated with conformational changes in the
channel pore, these are likely to be preceded by interactions between the pore
and surrounding ions. Here we use a series of divalent metal cations to system-
atically probe these interactions in MthK, a Kþ channel of known structure, by
electrophysiological methods and molecular dynamics simulations. Mg2þ,
Ca2þ, and Sr2þ each yielded roughly equivalent levels of fast blockade, with
similar voltage dependences (delta ~0.2). In contrast, Ca2þ and Sr2þ were
found to substantially enhanced voltage-dependent inactivation, whereas
Mg2þ did not. The inactivation enhanced by Ca2þ or Sr2þ was not consistent
with a simple voltage-dependent slow blockade, because increasing either
[Ca2þ] or [Sr2þ ] to 20 mM yielded little additional inhibition compared
with the level produced at 5 mM, over the same voltage range. The differential
effects of Ca2þ/Sr2þ vs. Mg2þ on inactivation suggests that the slightly larger
divalent cations enhance inactivation through a site that is separate from the one
responsible for fast blockade. Molecular dynamics simulations and potential of
mean force calculations suggest that Mg2þ, Ca2þ, and Sr2þ each can access
a site in the wide cavity of the MthK pore (Scav) whereas Ca
2þ or Sr2þ (but
not Mg2þ) are likely to further access a site at the entry to the selectivity filter
(S5). We hypothesize that a divalent cation at S5 can affect a redistribution of
Kþ ions in the selectivity filter, which may in turn inhibit the conduction cycle
and enhance inactivation.
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Sunday, February 3, 2013 123aVoltage-gated potassium (Kv) channels undergo a process termed slow inac-
tivation in response to prolonged depolarizations. This process is thought to
occur in response to structural rearrangements near the selectivity filter, which
ultimately result in nonconducting (inactivated) channels. Although substan-
tial efforts have been made to understand this process, the details of slow in-
activation at the atomic level have yet to be unraveled in eukaryotic Kv
channels. Based on information gleaned from crystal structures, the indole ni-
trogen of a highly conserved Trp, Trp435 in Shaker potassium channels, had
been proposed to form a hydrogen bond with Tyr445 in the GYGD selectivity
filter signature sequence, thus contributing to open pore stability and likely
slow inactivation. Functionally, however, we find that the indole nitrogen of
Trp435 does not contribute to slow inactivation as mutations to Phe or Tyr
at this site do not affect slow inactivation. In contrast, removal of the hydroxyl
group from Tyr445 by Phe substitution results in a rapidly inactivating pheno-
type, and this could be slowed by application of external TEA, thus suggesting
a role for Tyr445 in slow inactivation. A closer examination of the available
structural information of side chains in close physical proximity of Tyr445
pointed towards a possible role of Thr439, a highly conserved side chain in
the pore helix. Indeed, Thr439Val channels were non-conducting and behaved
similar to the permanently inactivated Trp434Phe phenotype. Re-introduction
of a hydroxyl moiety in position 439 via the Thr439Ser mutation led to a WT-
like conductance-voltage relationship and only a modestly increased inactiva-
tion rate compared to WT. Together, these results suggest a novel and ener-
getically significant hydroxyl-hydroxyl interaction between Tyr445 and
Thr439 that regulates slow inactivation in Kv channels.
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Voltage-gated Kþ channels (Kv) are tetrameric assemblies in which 4 voltage
sensors open a shared Kþ selective pore located at the center of the array at ac-
tivating membrane potentials. A feature of many Kv channels- indispensable
for the repolarization of the membrane potential following depolarization of
neuronal cells- is to shut off their flux after prolonged activation. Here we
show that in KvLm, a well characterized bacterial voltage-gated channel, the
premature closing of the pore is bypassed by the association of the filter gate
of the pore with three distinct and novel open-conformation stabilizers: A pos-
itively charged lipid, a small-molecule anti-depressant, and a protein toxin.
This analysis is based on an extensive set of single channel current measure-
ments of purified KvLm and its sensorless pore reconstituted in symmetric
and asymmetric lipid bilayer membranes. Comparative assessment of the
consequences produced by the three modulators in relieving the ‘‘inactivation’’
establishes that stabilization of the open conformation proceeds in the absence
or presence of the sensors. We propose two plausible mechanisms by which all
three modulators exert their demands on the pore.
This work was supported by NIH grant GM 49711.
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In the absence of N-type inactivation Shaker potassium channels display slow
(C-type) inactivation. It has been shown earlier that Cd2þ traps the V476C
Shaker channels in the open state, even at very negative voltages, by forming
a metal bridge between a cysteine in one subunit and a native histidine
(H486) in a neighboring subunit (Webster et al., Nature, 2004). However,
none of the previous studies determined the relationship between inactiva-
tion/recovery from inactivation and the locked-open activation gate. The cur-
rent experiments tested the hypothesis that locking the activation gate in the
open configuration prevents recovery from inactivation. To address this hy-
pothesis we compared the extent of recovery from inactivation for control con-
ditions and in the presence of 20 mM Cd2þ. V476C/IR channels contained an
alanine in position 449 to facilitate the entry of the channels into the slow-
inactivated state. All ionic current experiments were performed with excised
inside-out patches. A fast-step perfusion system was used for rapid solution ex-
change. 2.0-s-long depolarizing pulses from a holding potential of120 mV to
þ50 mVwere applied and when applicable, 20 mMCd2þwas added to the fully
inactivated channels. The duration of the Cd2þ pulse was 1.0 s long which was
started 800 ms after the start of the depolarization. Under control conditions100% of the channels recovered from inactivation within 60 s at 120 mV,
whereas upon Cd2þ application less than 10 % of the current recovered under
identical conditions (n=3). The lack of recovery from inactivation of the
locked-open channels suggests that closure of the activation gate is essential
for the recovery from slow inactivation.
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Potassium channels are membrane proteins that allow passage of Kþ ions
across the hydrophobic core of the membrane. The extremely conserved signa-
ture sequence in the residues lining the pore (TTVGYGD) allows discrimina-
tion between ions having similar radii (Hegimbotham et al 1994). Despite of
this conservation, closely related potassium channels display differences of
up to two orders of magnitude in their Kþ ion transport rates. Searching for
the molecular determinants accounting for such a large difference in transport
rates, we made several charge substitutions at the internal entrance of the pore
of the low conductance Shaker K-channel. We expressed these variants in
Xenopus oocytes and measured their single channel conductance in inside-
out membrane patches in 100 and 1000 mM of symmetrical [Kþ]. The substi-
tution of Pro475 by Asp or Gln increases Shaker’s unitary conductance 8 and 4
fold in 100 mM Kþ, respectively, as shown earlier (Sukhareva, et al., 2003).
But at 1000 mM Kþ the increases are 4 and 3 fold, respectively. In these
high conductance backgrounds (475D or P475Q), we also introduced either
negative or positively charged side chains (Asp or Arg) to positions 476 and
479. These positions align with the negatively charged rings that electrostati-
cally control conductance in BK channels. Our results shows that, as in BK
and KcsA channels, electrostatics at the inner mouth of the pore plays an im-
portant role on increasing the conductance of this Shaker variant, suggesting
similar architecture in the pore of low and high conductance K-channels.
Financed by Fondecyt 1120819 and the Millennium Initiative (P09-022-F), IDF
is a Mecesup Doctoral Fellow.
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It is widely known that ions and water molecules alternately permeate
(Pattern A) through the selectivity filter of the Kþ channels. However, micro-
scopic mechanisms underlying the exclusive use of the Pattern A remain un-
solved. Here we performed the molecular dynamics simulation of ion
permeation through the Kv1.2 channel at several different Kþ concentrations.
We found that the main permeation pattern is, as is expected, Pattern A at all
concentrations, while the other kinds of pattern also emerge. At low concentra-
tions, Pattern B, where an ion is transported accompanied with two water
molecules, is observed. This behavior is consistent with the recent experiment
measuring the streaming potential. On the other hand, Pattern C, where ions are
transported without intervening water molecules, is also seen at high concentra-
tions. Pattern C has been reported by some theoretical studies. At the physio-
logical concentration, Pattern B and C, as well as Pattern A, are nearly
equally used. In order to clarify why Pattern B and C emerge, the positions
of the ions in the selectivity filter were analyzed. In the case of Pattern B,
when a next incoming ion approaches the channel, ions are located at the down-
stream of the selectivity filter, thus two water molecules, having been occupied
the selectivity filter, are franked by ions. Once an incoming ion enters into the
selectivity filter that bears ions at the upper stream, no water molecule is in-
serted between the ions, and Pattern C emerges. Thus, the macroscopic obser-
vation such as the water-ion coupling ratio reflects differences in the
microscopic ion distributions in the selectivity filter at the instance of an up-
coming ion enters.
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